We demonstrate room temperature photoluminescence and optical gain from the direct band gap transition of tensile strained n-type Ge-on-Si around 1600 nm, which can be applied to a Si-based laser for optical interconnects and communications.
A Si-based laser capable of monolithic integration is the last missing link in the chain to realize electronic-photonic integration which is a potential solution to the bandwidth limitation and power consumption in traditional electronic integrated circuits (ICs). Ge has been proposed as a very promising candidate for such a Si-based laser [1] . Ge has been widely applied to high mobility complementary metal oxide semiconductor (CMOS) transistors in Si ICs for years. Capable of monolithic integration on the Si platform, Ge-based devices require far less fabrication cost than hybrid III-V lasers on Si [2, 3] . Moreover, the Ge direct gap emission is around 1550nm in wavelength, coincident with the wavelength band used for optical interconnects and fiber based optical communications. However, the Ge direct gap emission is limited by the lack of excited electrons in the direct valley of the conduction band under injection since most electrons occupy the indirect valleys with lower energy states according to the Fermi distribution. This situation can be improved by introducing in-plane biaxial tensile stress in Ge films to reduce the energy difference between the direct and the indirect band gaps. In addition, doping Ge with n-type impurities fills the indirect valleys with extrinsic electrons and raises the Fermi level, which further facilitates the occupation of excited electrons in the direct valley under injection. Theoretical calculations have shown that a combination of 0.25% tensile strain and mid 10 19 cm -3 n-type doping is sufficient to get direct gap light emission from Ge that is as efficient as that of III-V materials [1] . In this paper, we report experimental results on the room temperature photoluminescence (PL) and optical gain from the direct gap transition of such tensile strained n-type Ge-on-Si.
Ge films with 0.25% tensile strain and various phosphorus doping concentrations are epitaxially grown on Si by using ultra-high vacuum chemical vapor deposition (UHVCVD). The Ge films are nearly fully relaxed at the growth temperature above 650C, and tensile strain is accumulated upon cooling to room temperature due to the larger thermal expansion coefficient of Ge than that of Si [4, 5] . The direct band gap is red-shifted to ~0.765 eV (1620 nm) due to the tensile strain. The phosphorus donors are incorporated during the epitaxial growth by introducing PH 3 gas and the doping level is determined by the GeH 4 /PH 3 ratio.
Room temperature PL at the direct gap energy is observed for all n-type doped Ge films. Ge films with doping level of 1×10 19 cm -3 exhibit an over 50 times enhancement in PL intensity compared to undoped films, as shown in Fig. 1(a) . It can be seen in Fig. 1(b) that the integral PL intensity increases with the active doping concentration measured by Hall effect. This result agrees with theoretical calculations of the direct band gap PL enhancement due to the indirect valley filling effect. A room temperature pump-probe measurement has been performed to study the absorption/gain spectrum of the materials under steady state continuous-wave pumping. An optical bleaching effect, i.e. absorption reduction due to optical pumping, was observed above the direct band gap energy from this measurement, indicating the potential of population inversion. This optical bleaching effect also increases with increasing doping concentration in Ge at the same pumping level due to the indirect valley filling effect. To achieve better carrier confinement, a Ge mesa structure is formed by using a selective growth approach [6] . A scanning electron microscope (SEM) image of a Ge mesa structure is shown in Fig. 2(a) . The facets on the edge of the mesa indicate the single-crystal nature of the Ge mesa. Pump-probe measurement on 500µm 2 Ge mesas with 0.25% tensile strain and 10 19 cm -3 n-type doping shows an optical gain (negative absorption) of up to 56±25cm -1 (240±100dB/cm) near the direct gap a1388_1.pdf CTuY1.pdf
CTuY1.pdf 978-1-55752-869-8/09/$25.00 ©2009 IEEE energy plotted in Fig 2(b) . These results indicate that with tensile-strained n + Ge-on-Si as the gain medium and a carefully designed optical resonator for feedback, lasing from Si-based Ge could be achieved in the near future. Fabrication of a high Q resonator is in progress to demonstrate an optically pumped Ge laser on Si. 
